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Abstract: The increase in the required bandwidth along with the global growth of existing wireless communication
systems is one of the major reasons why research and industry communities are exploring 5G and millimeter-wave
frequencies. The advantages of millimeter wave frequencies for 5G applications are a wide range of accessible and
unlicensed spectrum, the use of small antennas in RF applications with increasing frequency, and low losses due to the
interference effects compared to the currently used frequency bands. However, due to some computational challenges
especially at millimeter waves (i.e. in FR2 frequency band), it is necessary to develop eﬀicient software tools or to
adapt new approaches in existing models for eﬀicient propagation modeling. In this work, a web-based software tool
has been developed to calculate propagation or path loss for 5G outdoor systems. Terrain profile and environmental
data were obtained through web-based mapping services and digital elevation data. Two different ray-tracing techniques
were applied with respect to the type of area, i.e. urban and rural areas. Quasi-3D ray-tracing techniques were used
by using the data obtained from OpenStreetMap (OSM) for urban microcellular environments, whereas the shooting
and bouncing ray (SBR) method was employed for rural terrain profiles gathered from the digital elevation data. The
results of the developed software tool were compared with some measurement results and some results obtained from a
commercial software program (i.e. WinProp) by considering real propagation scenarios. The software tool was developed
as an ASP.NET web application on Microsoft Visual Studio via the MATLAB SDK Compiler.
Key words: Fifth generation (5G) communication systems, ray-tracing, millimeter wavelength, outdoor propagation
loss, wireless communication

1. Introduction
With the increase of devices in wireless communications and the growing demand for the data rate, the low
latency and even more reliable communications led to advancement of fifth generation (5G) systems that require
new understanding for the channel models which operate in millimeter-wave frequencies. As signal propagates
through the transmission path, it suffers from power loss, which is denoted as propagation loss, due to several
wave mechanisms occurring in the propagation medium. The accurate estimation of propagation loss is crucial
in practical applications since it affects certain parameters, such as antenna gain, signal strength, and signal
coverage. There are several deterministic, stochastic, and empirical approaches to estimate the propagation loss.
The deterministic models focus on physical laws which can accurately model the behavior of electromagnetic
waves. Among deterministic models, ray-tracing techniques are widely used at high frequencies due to their
computational eﬀiciency. The stochastic models make use of random variables in order to model the channel.
Although the estimation of path loss with stochastic models requires the least amount of data compared to the
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other two approaches, it suffers from the degradation in accuracy. Finally, the empirical models are constructed
as a mathematical expression with parameters derived from data measured in real environment under certain
conditions. Ray tracing techniques are basically based on Fermat’s principle [1], which states that rays follow
the shortest path to travel from one point to another, and which forms the basis of the diffraction and reflection
rules. Two-dimensional (2D) ray tracing techniques make use of geometric optics rules to model reflection
effects [2]. Over-roof-top diffractions can be integrated into the solution by employing multiple edge diffraction
methods [3]. 2.5D or quasi-3D ray tracing methods, which approximate 2D rays to 3D versions, thus providing a
faster and simpler solution, can be used for microcellular environments. In addition, the shooting and bouncing
ray (SBR) method, which was initially used for radar cross section (RCS) computations, can be employed for
propagation loss modeling as well [4]. The SBR method combines the physical optics (PO) and geometrical
optics (GO) methods with ray tracing algorithms, and can handle multiple reflection effects. There are also
quasi-3D and 3D visibility tree techniques in the literature, which are used for microcellular environments [5, 6].
In this study, a web-based software tool (called RTPLTool) is developed for path loss modeling in outdoor
communication systems operating at 5G frequencies. The quasi-3D and SBR methods are employed for urban
and rural areas, respectively. The web-based version of quasi-3D method (called WebRTPL) is developed
through MATLAB Software Development Kit (SDK) Compiler. The field data were obtained from Shuttle
Radar Topography Mission (SRTM) and OpenStreetMap. The performance of the developed software has
been tested in real environments through comparisons with measured data and simulated data obtained from
a commercial software (i.e. WinProp1 ). The paper is organized as follows: Section 2 presents the theoretical
background and the implementation details about the developed software. Furthermore, it discusses how to
acquire OpenStreetMap and SRTM data to be used for the terrain modeling in the software. Section 3 presents
some numerical results to validate the performance of the developed software by comparing them with some
measured and simulated data. Finally, in Section 4, some conclusions and discussions are presented.
2. Theory and implementation
2.1. OpenStreetMap and SRTM data
Data for the distribution of buildings and their associated heights in urban environments are obtained from
OpenStreetMap (OSM)2 , which is an open-source map service. In an OSM format file, each relevant datum
belonging to a structure located on the map is specified by a tag, which refers to an identity of the datum
classified as a building, highway, or any other manmade structure available in OSM. Since buildings are key
structures in this work, tag information about buildings is used to identify urban areas. The number of floors
and the height of buildings can be taken from the relevant data. Rather than using the original OSM format file,
the JSONLab3 library was used in this study, which is a free and open-source JSON/UBJSON/MessagePack
encoder and decoder written in MATLAB language. To understand whether OSM provides suﬀicient data
to be able to apply ray tracing techniques, various test profiles were generated through existing open-source
applications4 . In cases where the building height value is not accessible, the floor information can be used as an
1 Altair Engineering, Inc. FEKO Suite and WinProp Suite. Website http://www.altairhyperworks.com/product/FEKO [accessed
03 2021
2 OpenStreetMap contributors (2017).
Planet dump retrieved from https://planet.osm.org.
Website https://
www.openstreetmap.org [accessed 01 2021]
3 Fang Q(2020). JSONLab: a toolbox to encode/decode JSON files. Website https://www.mathworks.com/ matlabcentral/
fileexchange/33381-jsonlab-a-toolbox-to-encode-decode-json-files [accessed 03 2021]
4 Vedaldi A(2016). OpenStreetMap OSM files to MATLAB. Website https://github.com/vedaldi/osm2mat [accessed 01 2021]
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alternative to estimate the total height of the building by assigning an average value for each floor. As can be
seen in Figure 1, some deficiencies in the data were observed in the Turkey profile. This is the main reason why
quasi-3D ray tracing methods are used in microcellular city profiles, where both the transmitting and receiving
antennas are located below the height of the surrounding buildings. Further information about the quasi-3D
ray tracing method will be given in the following sections. 2D ray tracing techniques offer faster solutions by
greatly reducing the algorithm complexity and computation time that comes with 3D ray tracing [7]. The data
source for rural areas is SRTM which is an open-access project carried out by NASA to obtain topographic and
elevation data of the Earth. The main diﬀiculties in using the SRTM data are the gaps encountered in lowreflective surface areas that may occur during radar measurements used to acquire data; lack of data assignment,
mostly seen in equatorial regions due to insuﬀicient scanning; and land irregularities, such surface waters, hills
and mountains, which cause obstruction [8]. Another issue in retrieving area information is the resolution of
SRTM which is a 3-arc second. These issues must be considered when developing software based on these data.

Figure 1. OSM Sections for (a) New York and (b) İstanbul.

2.2. Ray tracing
Ray tracing techniques are based on high frequency assumptions that assume electromagnetic waves behave
like rays. When a ray comes into contact with other obstacles, it undergoes various wave mechanisms, such as
reflection, diffraction, and refraction. Geometrical optics (GO) method explains the reflection of waves from
surfaces according to Fermat’s and Snell’s principles by taking the line-of-sight (LOS) conditions into account
[9, 10]. Polarization-dependent reflection coeﬀicients are calculated according to the angle of incidence and
surface parameters by using Fresnel formulas. However, GO lacks the ability to model diffraction behavior.
Diffraction effects, which refer to the bending of waves around the corners of obstacles, become dominant in
shadow regions and should be incorporated into the solution. Keller’s geometric theory of diffraction (GTD)
method computes diffracted fields and hence supplements the GO method [11]. However, the GTD method
exhibits singularities along the incident and reflection shadow boundaries. In order to achieve smooth wave
behavior along the shadow boundaries, the Uniform Theory of Diffraction (UTD) method was developed [12].
Luebbers developed a heuristic approach on UTD [13]. Although this approach is accurate near the reflection
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boundaries, its accuracy decreases in deep shadow regions. Holm extended Luebbers’ approach and achieved
values close to Maliuzhinets’ results in the relevant area [14]. However, the rapidly changing reflection coeﬀicients
in the illumination region limits the use of the solution. El-Sallabi and Vainikainen improved the solution by
arranging the incidence angles in the Fresnel reflection coeﬀicient expressions [15, 16]. In cases where the solution
is not suﬀicient, modified reflection coeﬀicients were used instead of the standard Fresnel reflection coeﬀicients.
In this study, the approach proposed by El-Sallabi and Vainikainen has been used. Other than these GO-based
approaches, there are also physical optics (PO)-based methods in the literature. The PO method is based on the
radiation of source-induced currents on the surface of the object by employing the surface equivalence theorems
[17]. The physical theory of diffraction (PTD) is complementary to PO and determines the diffracted fields by
using nonuniform (fringe) edge currents [18]. In the literature, there are various ray tracing techniques based
on the GO and PO principles, such as the image theory (IT) and the shooting and bouncing ray (SBR) method
[19].
2.2.1. Quasi-3D ray tracing for urban area
In urban microcellular environments, the ray propagation takes place in canyon structures formed by buildings.
When the buildings are very tall in the environment, quasi-3D ray-tracing approaches can be used [6, 20–23].
The reflected and diffracted fields are modeled through visibility and image trees. Firstly, the ray tracing
is performed in two dimensions. Afterwards, each 2D ray is approximated according to the transmitter and
receiver heights, yielding two types of 3D rays, one of which contains the effect of the ground. The propagation
loss is computed by the GO and the heuristic UTD methods.

Figure 2. Marking of (a) source points on a city profile and (b) visibility tree.

In the quasi-3D ray tracing, the visibility must first be algorithmized [24–27]. The location of the
transmitter, as well as the diffraction and reflection points, which are expressed as source points, are used to
establish the visibility zones. The reflection points are determined by employing the image theory and the
visibility zones are formed with respect to the locations of the image sources. The visibility zones are also
constructed with respect to corners of the buildings which are used to calculate the diffracted fields. The
visibility zones are used to organize virtual source trees where higher order rays are recorded starting from the
transmitter locations. Weights are assigned to each ray to determine the number of reflections or diffractions
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before the ray reaches a point of interest used as the receiver point. Multiple diffraction-reflection effects are
also taken into account; this means, for example, that the rays subjected to multiple reflections may also diffract
from the corners. Figure 2a shows a part of a sample city with the transmit antenna (blue) and the receiver
point (red). The corner points of the buildings where the diffraction occurs are expressed with letters, while the
midpoints of the building walls, which are used to determine the reflection points by using images, are denoted
with numbers. The visibility tree for the points (m and 13) is illustrated in Figure 2b.
After the visibility tree is constructed, 2D reflected and diffracted rays are drawn according to the Snell
and Fermat principles. Rays that do not reach the point of interest (i.e. receiver point) are excluded from the
process. Each 2D ray is approximated and two different 3D rays are obtained, one of which incorporates the
effect of the ground (Figure 3). The red rays in Figure 3 correspond to those reflected from the ground. The
approximation of the 2D ray to its 3D state is done according to the heights of the transmitter and receiver
points, the propagation path length and IT. [24–26, 28].

Figure 3. Approximation of 3D rays from 2D ray.

2.2.2. SBR method for rural area
For rural areas, 3D SBR method is employed [29]. In the SBR method, the surface of interest is first triangulated.
Next, a spherical grid of rays is emanated from the transmitter, and these rays are traced with the help of
GO rules to find the reflection points on a triangulated surface. The reflection (i.e. intersection) points are
determined by the Möller-Trumbore5 algorithm which is an eﬀicient ray-triangle intersection algorithm [30].
After possible multiple bounces from the surface, the rays that reach the receiver points are included in the
propagation loss calculation. A minimum distance criterion is needed if a ray reaches a receiving point. For
this purpose, a reception sphere is constructed, and the ray is considered to be received if the ray lies inside
the reception sphere. The radius of the reception sphere can be determined from the

αd
√
3

expression, where α

is the angular spacing between neighboring rays at the transmitter and d is the total path length between the
transmitter and receiver points [19, 31, 32].
5 Tuszynski J(2018).
Triangle/Ray Intersection.
triangle-ray-intersection [accessed 03 2021]

Website https://www.mathworks.com/matlabcentral/file exchange/33073-
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2.2.3. Field calculations
By using the far-field approximation, the electric field at far-zone distance r from the transmitting antenna is
expressed as follows:
E (r, θ, φ) = [E0,θ (θ, φ) âθ + E0,φ (θ, φ) âφ ]

e−jβr
r

(1)

The θ and φ components of the electric field at far-zone can be obtained by using the reflection and diffraction
coeﬀicients. The θ component of the electric field corresponding to a ray that diffracts twice, that reflects N
times before the first diffraction, that reflects Q times between the two diffractions, and that reflects M times
after the second diffraction is as follows [33]:
r
r
Q
N
M
Y
Y
e−jβr Y ⊥
rT 1
rT 1 + r12
⊥
Eθ = E0,θ (θ, φ)
Rn Ds1
Rq Ds2
R⊥
r n=1
r12 (rT 1 + r12 ) q=1
r2R (rT 1 + r12 + r2R ) m=1 m

(2)

where rT 1 , rT 2 , and r2R are the distances between the transmitter and the first diffraction point, between
the diffraction points, and between the transmitter and the second diffraction point, respectively. Ds1 , Ds2
indicate the UTD coeﬀicients for horizontal (soft) polarization; and R refers to the reflection coeﬀicient. The
φ component of the electric field can be obtained similarly by using the reflection and diffraction coeﬀicients
accordingly with respect to the polarization of interest. Finally, the propagation or path loss is expressed as
follows:


λ Etotal
P L = 20 log10
(3)
4π
E
2.2.4. ASP.NET web-based application
MATLAB SDK Compiler builds ASP.NET libraries from a written MATLAB script. By using the Visual Studio
libraries, a graphical user interface (GUI) has been developed for the quasi-3D ray tracing method, as shown
in Figure 4. The user must first create the map of a city profile by converting the OSM file format to JSON
format, and then load the map file. The loaded map can be previewed for further instruction. The locations
of the transmitter and receiver points must be assigned. The horn and monopole antennas are embedded in
the code, and these antennas can be selected by using the Antenna Element listbox of GUI. If a user-defined
antenna is to be defined, data matrices that contain azimuth and elevation angles in MATLAB format should
be uploaded by using the Matrix Data button of GUI. In addition, other analysis parameters, such as frequency,
power, weight and surface parameters must be defined by the user. After the code is run, the ray tracing results
and path loss are displayed.
3. Results
3.1. Quasi-3D ray tracing for urban area
Firstly, we consider the Daejeon city in Korea (Figures 5a and 5b), where the measurements were done by
the Electronics and Telecommunications Research Institute (ETRI) by considering a horn antenna with 30°
half-power beamwidth, operating at 28 GHz. Due to the deficiencies in the urban profile gathered from OSM
file format, missing buildings were manually added. Input parameters for the simulation are given in Table
1. In Figure 5c, the path loss results are compared with the measured data obtained by ETRI [34] and the
simulation data of the related study [35] for the non-line-of-sight (NLOS) system.
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Figure 4. ASP.NET application

Figure 5. (a) Daejeon city profile, (b) Quasi-3D ray tracing, and (c) Path loss results.
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Table . Parameters for urban environments.

Location
Frequency
Transmitter height (m)
Height of points on route (m)
Antenna type
Relative permittivity (ϵr )
Conductivity (σ,S/m)
Angle orientation (horizontal◦ )

Daejeon
28 GHz
10
1.5
Horn
8
0.001
150 (I), 320 (II)

Ottawa
910 MHz
8.65
3.65
Monopole
8 and 15
0.001
–

Tokyo
1.48 GHz
5.3
3.0
Monopole
8
0.001
–

Next, the Ottawa city in Canada (Figure 6a) is considered with the analysis parameters given in Table
1. The results are shown in Figure 6b for two different relative permittivity values and compared with the
results given in [36]. Note that, in this simulation, the city profile is obtained from the OSM file where there
might be some deficiencies in the map data; hence there are some differences between the computed and the
measured results. However, in another simulation in Figure 6c, instead of using the map file in the OSM format,
the city profile has been reconstructed according to the profile given in [33, 36]. We observe that the results
improve when the city profiles match, as expected (Figure 6d). Finally, in Figures 6e and 6f, the results of
another simulation are shown for Ottawa city where the antenna is defined as the horn antenna. The results
are compared with those obtained by a commercial software (i.e. WinProp) where the dominant path model
(DPM) [37] is used to obtain the path loss values.
Finally, the Tokyo city in Japan (Figure 7a) is considered with the analysis parameters given in Table
1. The results are compared with the measurement values for the first route (Course I) of Tokyo city given
in [38]. The route over Tokyo is exemplified with 100 points. However, as seen in Figure 7b, only 70 points
(between 30th and 100th points) were shown because of the limit values of the visibility algorithm and the
weights assigned to the rays.
3.2. SBR method for rural area
In this section, the performance of the SBR method is illustrated on a rural area via comparisons with the
WinProp deterministic loss model. Two scenarios are considered as shown in Figures 8a and 8b. In the first
scenario, the height of the transmitter relative to the ground is 20 m, the heights of the points on the route are
taken as 10 m, and a horn antenna is operating at 28 GHz. The tilt angle of the antenna from the horizontal
is 20°. The relative permittivity and the conductivity of the surface are set to 15 and 0.005 S/m, respectively.
The separation angle between each ray at the transmitter is 1°. Over the route, eight points are sampled and
analyzed as shown in Figure 8c.
In the second scenario, the same parameters are taken except that the tilt angle of the antenna is 320°
and nine sample points are taken over the route. The second scenario is similar to the street-canyon scenarios
observed in urban areas where the reflection mechanism is dominant. In both scenarios, the computed results
are in good agreement with the WinProp results. However, there are some discrepancies at the fifth sampling
point in Figure 8d, which is close to the steep slope. The accuracy of the SBR method in such regions can be
increased further by increasing the density of the grid of rays at the transmitter so that more rays reach the
receiver point. However, the denser the grid of rays, the higher the computational load; therefore, a compromise
must be made.
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Figure 6. (a) Quasi-3D ray tracing in Ottowa and the path loss results with respect to number of sampling over the
route (60 points) for (b) ϵr =8 and ϵr =15. (c) Reconstructed Ottowa city profile and (d) Path loss results with respect
to number of sampling over the route (50 points) for ϵr =8. (e) Ottowa city profile in WinProp (horn antenna) and (f)
Path loss results with respect to number of sampling over the route (60 points) for ϵr =8.

4. Conclusion
In this paper, a software tool was developed for path loss modeling for millimeter-wave outdoor systems. The
software utilizes two different ray tracing approaches, namely quasi-3D ray tracing and the SBR method for
urban and rural areas, respectively, which are implemented on real city or terrain profiles obtained from webbased mapping services. The performance of the software was demonstrated by considering various propagation
scenarios. The results were observed in good agreement with some measured data and simulated data obtained
by a commercial software.
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Figure 7. (a) Quasi-3D ray tracing in Tokyo and (b) Path loss results with respect to number of sampling over the
route (100 points).

Figure 8. SRTM sections of (a) First, (b) Second Scenarios and the corresponding path loss results (c)-(d)

The output speed of the WebRTPL quasi-3D ray tracing is proportional to the number of building
walls existing in OSM file. To improve computational eﬀiciency of the technique further, several preprocessing
2394

FINDIK and ÖZGÜN/Turk J Elec Eng & Comp Sci

techniques over digital map can be applied by reduction of blockage test and data simplification [39]. The
response time of 3D SBR depends on assigned number of ray interactions, size of area and particularly density
of ray grids which is additionally used for adjustment of receptor sphere radius.
New modules and features will be added to the code as a future work. For example, surface roughness
effects can be included, which might be important at higher frequencies. In addition, the ability to handle
multiple antennas and antenna array patterns can be added. More output parameters, such as the power delay
profile and delay spread, can be computed to achieve channel modeling in communication systems. Finally, the
code can be extended to propagation modeling in tunnels.
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